porter is involved in fluid secretion by epithelial cells in these organs, no direct evidence assessing its contribution to the fertility of the organism has been carried out.
The testis is composed of loops of convoluted seminiferous tubules lined with epithelium containing Sertoli cells and spermatogenic cells at various stages of differentiation. The seminiferous tubule fluid that establishes the microenvironment for spermatogenesis and transports spermatozoa from the seminiferous tubules to the head of the epididymis is believed to be produced by the Sertoli cells. The composition of seminiferous tubule fluid is distinct from that of blood plasma, with 10 times higher K + and lower Na + concentrations (19) . The production of a fluid with a unique ionic composition by the epithelium of the testes has led to the hypothesis that it plays a vital role in normal germ cell development or Sertoli cell function. The pathways involved in production of this fluid have not been defined, and there is no evidence to date supporting a role for NKCC1 in this process.
Throughout spermatogenesis, the germ cells are enveloped by cytoplasmic processes of the Sertoli cell. In the first phase of spermatogenesis, which occurs near the basal lamina, spermatogonia undergo a defined number of divisions and give rise to meiotic cells, the spermatocytes. As differentiation proceeds, spermatogenic cells move toward the seminiferous tubule lumen. Completion of meiosis leads to the formation of haploid spermatids that undergo a series of dramatic morphological transformations, including acrosome formation, polarization and elongation of the nuclei, condensation of the chromatin, flagellum formation, and elimination of excess cytoplasm. Spermatozoa are released from the apical surface of the Sertoli cell into the seminiferous tubule lumen. Whereas the extensive morphological changes observed during spermatogenesis suggest that adequate regulation of intracellular ions might be a critical component of this differentiation process, there is no direct evidence to date supporting a role of NKCC1 in this process.
To address the role of NKCC1 in the development and physiology of various epithelia, we generated 2 mouse lines carrying mutations in the Sla12a2 gene. We show that whereas loss of cotransporter function does not result in severe lesions in most organ systems, even those in which high levels of expression have been demonstrated, NKCC1 function is essential for normal spermatogenesis.
Methods

Generation of NKCC1-deficient mouse lines.
A genomic clone containing a 3′ region of the Slc12a2 gene was isolated from a FixII SV129 λ phage library using a cDNA probe corresponding to bp 2507 to 3636 of the published mouse Slc12a2 sequence (18) and subcloned into pBluescript (Stratagene, La Jolla, California, USA), pBS/NKCC3a. DNA fragments from this genomic clone were used to prepare a Slc12a2-targeting plasmid. A 1.7-kb BamHIEcoRI region located immediately 5′ of exon 24 was cloned just 5′ of the 3′ end of the neomycin gene in JNS2 (20) . A second 11-kb fragment extending from the BamHI site just 3′ of exon 25 to the end of the cloned segment of Slc12a2 DNA was subcloned 5′ of the neomycin gene. A second genomic clone containing exons encoding the transmembrane domains of the Slc12a2 gene was isolated using a cDNA probe corresponding to bp 1239-2449 of the published mouse Slc12a2 sequence (18) . DNA fragments from this clone were used to construct the Slc12a2 ∆506-621 targeting plasmid that is designed to replace a 344-bp region containing exons 9, 10, and 11 with the neomycin gene. A 5.1-kb XbaI fragment located 5′ to exon 9 was cloned just 5′ of the 3′ end of the neo gene in JNS2 (20) . A second fragment of 7.1-kb beginning just 3′ to exon 11 and extending to the NotI site 3′ of exon 15 of the Slc12a2 gene was subcloned just 5′ of the neo gene. Plasmids were linearized and introduced into the embryonic stem (ES) cell line E14TG2a and transformants were isolated as described previously (21) . Cells were screened for targeted integration of the plasmid by Southern blot analysis as described below, and targeted cell lines were microinjected into 3.5-day C57BL/6J blastocysts to generate chimeric animals. These were subsequently mated to B6D2 (C57BL/6J × DBA/2J F1) animals to generate animals heterozygous for the mutant allele.
Genotyping. DNA was isolated from ES cell lines and from tail biopsies, as described previously (21, 22) , and the genotype was determined by Southern blot analysis. To detect targeted introduction of the Slc12a2 ∆1065-1137 plasmid, DNA was digested with XbaI and probed with an 800-bp BamHI fragment (Figure 1a ). To detect targeted introduction of the Slc12a2 ∆506-621 plasmid, DNA was digested with HindIII and probed with a 1.8-kb fragment ( Figure 1a) .
Northern analysis. Populations of Pachytene spermatocytes and round spermatids with more than 90% purity were isolated from the testes of adult mice and Sertoli cells from 17-day-old mice as described previously (23, 24) . Total RNA was isolated from cells and tissues by phenol/chloroform extraction using RNAzol B (Tel-Test, Inc., Friendswood, Texas, USA) and 10-20 µg was electrophoresed on a 1.1% formaldehyde, 1.2% agarose denaturing gel in the presence of ethidium, as described previously (25) . After transfer to Immobilon-NC nitrocellulose membrane (Millipore Corp., Bedford, Massachusetts, USA), filters were hybridized with radiolabeled DNA probes in Quick-Hybe (Stratagene) for 1 hour at 68°C.
RT-PCR analysis of Slc12a2 RNA present in Slc12a2 ∆1065-1137 -homozygous animals. RT-PCR generated cDNA (Invitrogen Corp., Carlsbad, California, USA), which was amplified using the primers NKCC3a, 5′-CAG GGC CTG CTT TAC TTC ATC TTG-3′; and NKCC3b, 5′-GCC TTT CCG TGC GAC TGG-3′. PCR products were analyzed on 2% agarose gels.
Histological analysis and transmission electron microscopy. Reproductive organs were fixed in Bouin's solution, embedded in paraffin, sectioned at 8 µm, and stained with hematoxylin and eosin (H&E) or hematoxylin and Motion and stereotypy studies. For each study, 5 sets of age-and sex-matched Slc12a2 ∆1065-1137 mice, shaker-2 mice, and wild-type controls were monitored under standardized environmental conditions using an automated TruScan Multi-Parameter Activity Monitor (Coulbourn Instruments, Allentown, Pennsylvania, USA), in a 671-cm 2 Plexiglas chamber with beam spacing of 1.52 cm. Ambulatory distance, measured as the sum total of all vectored X-Y coordinate changes, less the vectored distance in stereotypic movements of each mouse, was recorded in 5-minute intervals over a 2-hour period, and the raw numbers were averaged to give values for each 5-minute interval. Values represent periodic acid-Schiff (H&PAS). For transmission electron microscopy, mice were deeply anesthetized and pericardially infused with 4% paraformaldehyde. Onemillimeter sections of the testes were postfixed in 1% osmium tetraoxide, dehydrated in a graded series of ethanol washes, and embedded in a resin mixture consisting of 1 part complete Spurr's resin and 1 part complete Poly-bed 812 resin (Polysciences Inc., Warrington, Pennsylvania, USA). Seventy-nanometer-thin sections were cut with a diamond knife, mounted in a 200-mesh grid, and examined with a Zeiss EM 910 (LEO Electron Microscopy Inc., Thornwood, New York, USA) transmission electron microscope. ∆1065-1137 mice, whereas a novel transcript is present in the samples from the Slc12a2 -/-mice. Analysis with an actinspecific probe indicates equal RNA sample loading. (e) Analysis of the NKCC1 mRNA remaining in the Slc12a2 ∆1065-1137 animals by RT-PCR. RT-PCR of RNA from wild-type animals yields a fragment of approximately 1100 bp, whereas a fragment of approximately 900 bp was amplified from the heterozygous and homozygous mutant cDNAs, consistent with loss of 195-bp of coding sequence in this mutant line. (f) Analysis of the novel RNA transcript present in Slc12a2 -/-mice. To determine the origin of the novel transcript seen in d, the Northern blot was analyzed with a probe specific for the neomycin gene. A band identical in size to that observed using the NKCC1-specific probe is observed in RNA obtained from Slc12a2 -/-mice.
means ± SEM and statistical significance was analyzed by 2-tailed t test on 2-hour summed data.
Systolic blood pressure measurements in conscious mice. Systolic blood pressures were measured in conscious mice using a computerized tail-cuff system (Visitech Systems, Carey, North Carolina, USA) that determines systolic blood pressure using a photoelectric sensor (26, 27) . To determine the effects of altered dietary sodium on blood pressure, wild-type (n = 5) and Slc12a2 ∆1065-1137 (n = 5) mice were first fed a control diet containing 0.4% sodium chloride for 2 weeks. This was followed by a 14-day period in which the animals were given a high-salt diet containing 6% sodium chloride. Following the high-salt feeding, the mice were re-equilibrated on the control diet for 7 days. The animals were then fed a lowsalt diet containing less than 0.02% sodium chloride for the next 14 days. All diets were purchased from HarlanTeklad Laboratory (Madison, Wisconsin, USA). Systolic blood pressures were measured at least 5 times per week throughout the period of study.
Urine osmolality measurements before and after desmopressin administration. We examined the effect of desmopressin (dDAVP; Rhone-Poulenc Rorer, Collegeville, Pennsylvania, USA) on urine osmolality in wild-type (n = 4) and Slc12a2 ∆1065-1137 (n = 4) mice. Before the experiments, animals were allowed free access to drinking water and 0.4% NaCl chow. Following the collection of a baseline urine sample by bladder massage, mice were injected with 1.0 µg/kg desmopressin subcutaneously, and water bottles were removed. Urine samples were collected 4 hours after injections and urine omolalities were immediately measured using a vapor pressure osmometer (Wescor Inc., Logan, Utah, USA).
Results
Generation of NKCC1-deficient mice.
The Slc12a2 gene was disrupted in the ES cell line using the 2 targeting plasmids depicted in Figure 1a . Primary amino acid sequence analysis of the Na + -K + -2Cl -cotransporter, including hydrophobicity analysis and comparisons of the sequence of NKCC1 to other cotransporters, has led to the division of this protein into 3 structural regions. The NH 2 -and COOH-terminal regions contain residues that are believed to be sites of regulatory phosphorylation. Unlike the NH 2 -terminal region, the COOH terminus shows a high level of conservation between species. A 500-amino acid central region of the protein is predicted to contain 12 transmembrane helices (18, 28) . The first targeting plasmid, pSlc12a2 ∆1065-1137 , was designed to remove a 217-bp region of the Slc12a2 gene containing exons 24 and 25. These exons encode the portion of the 3′ cytoplasmic domain of the protein indicated in Figure  1b . The second plasmid, pSlc12a2 ∆506-621 , was designed to remove a 344-bp region of the Slc12a2 gene that contains exons 9, 10, and 11. These exons encode transmembrane domains 7 and 8 of the NKCC1 protein.
Targeted ES cells were used to generate mice heterozygous for each of the mutated Slc12a2 alleles. Heterozygous animals were intercrossed and the frequency of offspring homozygous for the mutations present in the litters was determined (Figure 1c ). In each case animals homozygous for the mutant allele were present in the litters at the expected frequency. To determine whether the introduction of the targeting plasmid resulted in loss of NKCC1 expression, Northern blot analysis of salivary gland RNA was carried out. Analysis of RNA from animals homozygous for the Slc12a2 ∆1065-1137 mutation (Figure 1d , left), indicates levels of expression similar to those observed in the control animals. A small shift in size of the NKCC1 mRNA prepared from the Slc12a2 ∆1065-1137 animals, consistent with the deletion of exons 23 and 24 of the Slc12a2 gene, is seen. To determine if the homologous recombination event introduced the expected mutation, mRNA prepared from the Slc12a2 ∆1065-1137 animals was subjected to RT-PCR using primers flanking the region predicted to be lost during the recombination event. These primers are expected to amplify an 1100-bp fragment from wild-type NKCC1 cDNA and a 900-bp fragment from cDNA generated from mRNA derived from the Slc12a2 ∆1065-1137 mutant allele. Figure 1e indicates that, as expected, only normal NKCC1 transcript is present in mRNA prepared from tissue obtained from wild-type mice. In contrast, both mutant and native NKCC1 mRNA are present in RNA prepared from tissue obtained from heterozygous animals. Finally, only the mutated 900-bp fragment is amplified when RNA obtained from homozygous Slc12a2 ∆1065-1137 animals is used as a substrate. This mRNA is expected to result in the expression of an NKCC1 protein with a shortened cytoplasmic tail as a result of the absence of amino acids 1065 to 1137. We therefore refer to this mutant as a deletion mutation and not a null allele in this report.
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The No wild-type NKCC1 RNA is detected on Northern analysis of RNA prepared from the salivary glands of mice homozygous for the Slc12a2 ∆506-621 mutation. However, low levels of a novel transcript that also hybridizes to a neomycin-specific probe are observed. Because this is unlikely to generate a functional protein, the mutation introduced by pSlc12a2 ∆506-621 has presumably generated a null Slc12a2 allele and will be referred to as Slc12a2 -/-throughout this report.
Survival, growth, and health of the NKCC1-deficient mice. Mice homozygous for either the Slc12a2 -/-mutation or the Slc12a2 ∆1065-1137 mutation could not be identified at birth by observation alone. However, within 2 weeks the NKCC1-deficient pups could be distinguished from littermates because of their smaller size. Pups from 8-10 litters generated from heterozygous intercrosses of each mutant line were weighed and genotyped 14 days after birth. Pups homozygous for both of the Slc12a2 mutations had weights that were, on average, only 55% of that of wild-type littermates (Student's t test: Slc12a2 ∆1065-1137 to wild-type, P < 4.2 × 10 -8 ; Slc12a2 -/-to wild-type, P < 4.4 × 10 -8 ). No significant difference was observed between the wild-type and heterozygotes of each respective group, and there was no significant difference between the 2 mutations, suggesting that the null mutation and the deletion mutation have a similar impact on the growth of the pups. In both lines the difference in size becomes less pronounced as the mice reach maturity.
In addition to the smaller size, NKCC1-deficient mice can also be distinguished based on their ataxic gait. By 3 weeks of age these mice display increased motor and 
Figure 4
Histological analysis of the reproductive tract of wild type (a-d) and NKCC1-deficient (e-h) animals. Representative sections are from Slc12a2 -/-animals, although the defect in both NKCC1-deficient lines is identical. Sections through the cauda epididymis of both normal (a) and Slc12a2 -/-(e) mice show columnar epithelium with stereocilia on the apical surface. In wild-type mice the epididymal lumen is filled with mature sperm. In contrast, no sperm are observed in NKCC1-deficient animals, and the epididymal lumen is filled with PAS-staining material and occasional cells with pyknotic nuclei (arrow, e). Bars, 50 µm. Sections through the testes of , h) show that the number of spermatids is substantially reduced. A small number of developing spermatids with PAS-stained acrosomes can be identified (arrows, g). Normal Sertoli cells were observed (s in h) along the basement membrane of the seminiferous epithelium, as well as spermatogonia and/or early spermatocytes (e in h) and a reduced number of large pachytene spermatocytes (p in h). In c, d, g, and h, bars, 30 µm. stereotypic activity, characterized by periods of circling in a clockwise direction and head tossing. Motor coordination, balance, and ataxia in mice can be tested and quantified using a Rotorod test (29) . Even after extensive training on the apparatus, the NKCC1-deficient mice failed to remain on the rod for more than 30 seconds, whereas the majority of the wild-type mice could complete a 3-minute session (data not shown). In addition, NKCC1-deficient mice failed to startle in response to noise. The increased motor activity, head tossing, and poor balance combined with the hearing deficit observed in the mutant mice is similar to that reported in a number of mouse lines with mutations that affect the inner ear (30) (31) (32) . The hearing deficit and altered motor activity is consistent with the demonstration of high levels of NKCC1 in the inner ear (14) and has also been reported recently by other investigators who have introduced mutations into Slc12a2 (33) . It is also observed in a mouse line in which a spontaneous mutation occurred in this gene (34) . However, NKCC1 is also expressed in virtually all regions of the brain, including regions such as the cerebellum, that are involved in regulation of motor activity (35) . To determine whether alterations in the inner ear can account for all of the behavioral changes seen in the mutant animals, we compared the NKCC1-deficient mice directly to shaker-2 (sh-2) mice. As a result of a mutation in the Myo-15 gene that encodes an unconventional myosin (30), these mice are deaf and suffer from an associated vestibular defect that leads to circling behavior and increased stereotypic behavior such as head tossing. Age-matched shaker-2 and NKCC1-deficient mice were of similar size at 8 weeks of age, and both were slightly smaller in size than wild-type mice. Wild-type, NKCC1-deficient, and shaker-2 mice were subjected to an open-field locomotion test, and total ambulatory distance traveled was measured (Figure 2 ). Ambulatory distance measured over 2 hours was increased dramatically in both the shaker-2 and the Slc12a2 -/-mice. The majority of this increase in motor activity was the result of circling behavior, primarily in a clockwise direction, present in both lines. Stereotypic activity, which includes the head tossing characteristic of the shaker-2 mice, was similar in the 2 lines during periods of rest (data not shown). Thus, direct comparison of the NKCC1-deficient mice to shaker-2 mice suggests that a lesion in the inner ear alone can account for all of the observed changes in motor and stereotypic activity in the NKCC1-deficient mice.
NKCC1 has a broad tissue distribution; however, no histological changes were noted in the kidney, salivary glands, or lungs of the NKCC1-deficient mice, even at advanced age. In addition, analysis of serum electrolytes of wild-type and Slc12a2 ∆1065-1137 animals failed to reveal differences between the 2 groups of animals. White blood cell differentials, hematocrits, and platelet counts were also normal in NKCC1-deficient animals (data not shown).
Examination of renal function and physiological parameters in NKCC1-deficient animals. NKCC1 is 1 of 3 transporters found in the kidney and is expressed within the glomerulus, the collecting duct, and the glomerular afferent arteriole (7). Accordingly, it has been suggested that this transporter may play a role in regulating blood pressure and salt balance. To examine the actions of NKCC1 in blood pressure regulation, we measured systolic blood pressure in wild-type and NKCC1 ∆1065-1137 mice. Systolic blood pressures were slightly lower in the Slc12a2 ∆1065-1137 mice (100 ± 7 mmHg) than in controls (0.4% sodium content diet; 108 ± 8 mmHg), but this difference did not achieve statistical significance (P = 0.54). Varying dietary sodium content from 6% to less than 0.02% NaCl did not significantly alter systolic blood pressures in either the NKCC1-deficient or wild-type groups (data not shown). Thus, NKCC1 does not play an essential role in blood pressure regulation or in adaptation to altered dietary sodium intake. In the kidney, NKCC1 is also highly expressed in the inner medulla (7), where it might contribute to the development and/or maintenance of the medullary osmolar gradient. Because this osmolar gradient is critical for urinary concentrating ability, we compared urine osmolalities in Slc12a2 ∆1065-1137 and wild-type mice. Baseline urine osmolalities were sim-
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The ilar in Slc12a2 ∆1065-1137 (1550 ± 168 mOsm/kg) and wildtype mice (1823 ± 276 mOsm/kg; P = 0.51) given free access to drinking water. To determine their capacity for urinary concentration, we measured urinary osmolality after administration of a pharmacological dose (1 mg/kg) of the vasopressin analogue dDAVP. Administration of dDAVP caused significant increases in urine osmolalities in both groups, and there was no significant difference in urine osmolality in Slc12a2 ∆1065-1137 (2574 ± 94 mOsm/kg) and wild-type mice (2816 ± 276 mOsm/kg; P = 0.63) after vasopressin. These data indicate that the absence of NKCC1 does not significantly alter urinary concentrating functions in the kidney.
NKCC1-deficient males are infertile.
No histological changes were noted in the ovary, oviduct, or uterus of the NKCC1-deficient animals despite high levels of expression of the Slc12a2 gene in these tissues (data not shown). Furthermore, female NKCC1-deficient mice are fertile although, in general, they become pregnant less frequently than heterozygous or wild-type littermates. However, litters born to the NKCC1-deficient females rarely survive. We attribute this, at least in part, to the abnormal motor activity of these animals.
In contrast, NKCC1-deficient males of both lines housed with wild-type females failed to produce litters even after extended breeding. Specifically, 5 Slc12a2 -/-males co-housed with females for 15 weeks after reaching sexual maturity failed to impregnate females. Similarly, 8 Slc12a2 -/-males co-housed with females for more than 5 weeks did not impregnate the animals. When presented with ovulating females, 2 out of 6 Slc12a2 -/-males mated, as evidenced by the presence of copulatory plugs. The altered motor activity of these animals may contribute to these lower mating frequencies. The weights of the seminal vesicles of 7 Slc12a2 -/-animals were similar to the weights of this gland in wild-type males, suggesting that testosterone levels were normal in the mutant mice.
Histological examination of testes from one 3-4-dayold Slc12a2 ∆1065-1137 male and a wild-type littermate revealed no difference in seminiferous tubule maturation between these 2 animals (Figure 3a and 3c ). In contrast, examination of testes from four 21-day-old Slc12a2 -/-males and wild-type littermates revealed that the NKCC1-deficient males appear to have a defect in the timing of lumen formation. In wild-type testes the lumen has been formed in a majority of the seminiferous tubules (Figure 3b) , whereas in NKCC1-deficient males the lumen has not yet formed and germ cells still appear to occupy the central region of the tubules (Figure 3d) .
We next examined the reproductive organs of mature wild-type and NKCC1-deficient males by histological analysis. Studies included examination of reproductive organs from 4 Slc12a2 ∆1065-1137 and from 8 Slc12a2 -/-mice. Similar defects were seen in both mutant lines.
Histological examination of the cauda epididymis, where large numbers of sperm are stored in wild-type mice (Figure 4a ), indicated that sperm were absent in NKCC1-deficient males. Instead, the epididymal lumen was filled with PAS-positive material and occasional cells with pyknotic nuclei (Figure 4e ). Although NKCC1-deficient males (1.5-3 months old) did not have sperm in the epididymis or vas deferens, the epithelia of these tissues were indistinguishable from wild-type mice.
On gross examination, the testes of NKCC1-deficient males were smaller in size than testes of wild-type males with similar body weights. Histological analysis showed that this difference in size is related to the smaller diameter of the seminiferous tubules in these animals (compare Figures 4b and 4f) . The morphology of the tubules was clearly abnormal in the NKCC1-deficient males, including vacuolization of the seminiferous epithelium, variable loss of germ cells, and the appearance of multinucleated germ cells in the lumen of some tubules (arrows, Figure 4f ). As expected, the seminiferous tubules of mature wild-type males contain germ cells at all stages of spermatogenesis, including early spermatogonia near the periphery of each tubule, large spermatocytes in meiotic prophase, and round and elongating haploid spermatids near the lumen (Figures 4c and 4d) . Spermatids are easily identified by PAS-staining of the developing acrosomes (arrow, Figure 4c ). Sertoli cells, the supporting cells within the seminiferous epithelium, are present in each tubule and are identified by their large, pale nuclei with characteristic central nucleoli near the basal lamina. The seminiferous tubules of NKCC1-deficient males had Sertoli cells with typical nuclear morphology (s in Figure 4h ), but displayed abnormal spermatogenesis with varying degrees of germ cell loss and degeneration ( Figure 4, g and h) . Spermatogonia and/or early spermatocytes with darkly staining nuclei appeared to be more numerous (e in Figure 4h ) than in the tubules of wild-type males (arrow, Figure 4d) . Large pachytene
Figure 6
Northern analysis of NKCC1 expression in the testes of maturing animals and in specific testis cell populations. A normal 6.5-kb NKCC1 transcript is observed in the testis throughout postnatal development. The presence of an alternate transcript is detected in 7-and 14-day-old mice, and this 4.2-kb transcript becomes more abundant in 21-day-old mice. This alternate transcript is also detected in pachytene spermatocytes and round spermatids in addition to the normal NKCC1 transcript, whereas only the 6.5-kb transcript is detected in Sertoli cells. RNA loading is 20 µg for the testis samples and 10 µg for the isolated cell types. Analysis of 18S RNA is shown to demonstrate equal loading of the samples. Figure 4h) were present in NKCC1-deficient males, although the number was reduced in many tubules. Spermatids were absent or markedly reduced in number in all seminiferous tubules. However, small clusters of spermatids at varying stages of differentiation were seen in the mutant animals (arrows, Figure 4g ). The extent of germ cell loss varied between animals in both mutant lines. In 5 animals older than 10 months, some tubules were filled with whorls of Sertoli cell cytoplasm and appeared devoid of germ cells, suggesting that the severity of the lesion may increase with advancing age.
spermatocytes (p in
When examined by electron microscopy, spermatids of NKCC1-deficient males displayed abnormal ultrastructural features (Figures 5b and 5c ). Acrosomal defects were apparent in mutant spermatids, including abnormal placement of the acrosomal granule (arrows, Figure  5 , b and c) and vesicular structures resembling two acrosomes at opposite poles of 1 nucleus (* in Figure 5c ). In contrast, wild-type spermatids at similar stages of differentiation have a central acrosomal granule within the cap-phase acrosomal vesicle (arrow, Figure 5a) .
Detection of NKCC1 expression in the adult testis by Northern analysis has been reported previously (18) . To define further NKCC1 expression, Northern blot analysis was carried out to compare mRNA levels during postnatal testis development ( Figure 6 ). The typical NKCC1 transcript (6.5 kb) was present in testes from newborn mice, which contain only gonocytes, Sertoli cells, and interstitial cells. In testes from 7-and 14-dayold mice the 6.5-kb transcript was predominant, although a smaller 4.2-kb NKCC1 transcript was also detected. During this period of development, gonocytes differentiate to become spermatogonia, which continue to divide and then enter meiosis during the second week of life. By 21 days old, when spermatids begin to accumulate, the ratio of the 2 NKCC1 transcripts was altered. Approximately equal levels of the 2 NKCC1 transcripts were present by this age, and this expression pattern continued in adult mice. NKCC1 expression was also examined in pachytene spermatocytes and round spermatids isolated from adult animals and in Sertoli cells isolated from 17-day-old mice. Both NKCC1 transcripts were detected in pachytene spermatocytes and round spermatids, whereas the larger 6.5-kb transcript was predominant in Sertoli cells.
Discussion
The two NKCC1-deficient mouse lines described here differ with respect to the mutation they carry in the Slc12a2 locus. Whereas one of the mutations likely represents a null allele, the second mouse line carries a deletion mutation in the 3′ cytoplasmic region. Normal levels of mRNA are detected, and it is presumed that this mRNA can be transcribed into a protein. Future verification of this depends on the identification of NKCC1 protein in these cell lines with antibodies that do not require expression of the deleted region. The mouse line carrying the deletion mutation displays a phenotype indistinguishable from the mice homozygous for the null allele. This finding is surprising because this region is not believed to be involved in binding or transport of the ions and supports an important role for the cytoplasmic region in the normal functioning of NKCC1 protein. The NKCC1 cytoplasmic tail region has been shown to be phosphorylated in response to stimuli that increase bumetanide-sensitive ion transport (36) . However, none of the amino acids absent in the predicted mutant NKCC1 protein have been identified previously as targets for these regulatory modifications. We cannot rule out the possibility that the deletion of this region alters the conformation of the molecule and thereby indirectly affects phosphorylation of specific amino acids. Of the 72 amino acids absent in the deletion mutation, 55 are conserved in sharks. A number of lines of evidence suggest that ion transport in some cells is dependent on interactions of the various channels, pumps, and cotransporters with the cytoskeleton of the cell and that this interaction may be particularly important in functions such as volume regulation (37) . It is therefore possible that the residues that are absent in the NKCC1-deletion mutant are required for the interaction of NKCC1 with other, as yet unidentified proteins.
The salt and water reabsorptive function of the apical NKCC2 isoform of the cotransporter in the thick ascending limb of Henle cells is well established, based on the large natriuretic effect of loop diuretics (3). Less is known about the function of NKCC1. It is expressed in the inner medullary collecting ducts where it has been suggested that it may be important in volume regulation of these cells or where it might contribute to the development and/or maintenance of the medullary osmolar gradient (7) . This latter hypothesis is not supported by the studies described here, because NKCC1-deficient mice could concentrate urine in response to vasopressin. NKCC1 expression in a subpopulation of smooth muscle cells of the afferent arteriole and in the extraglomerular mesangium has led to the hypothesis that this molecule may be involved in tubuloglomerular feedback and, perhaps, renin secretion (7) . Again, the failure to detect changes in blood pressure in mice placed on low-and high-salt diets suggests that other sensory mechanisms are available for modifying glomular filtration rate and renin secretion in the absence of NKCC1.
Since the preparation of this article, Flagella et al. (38) have reported the generation of Slc12a2 -/-mice. This group reported the early death of many of the NKCC1-deficient animals and a slight decrease in blood pressure of surviving animals. This difference in the phenotype may reflect environmental factors that lead to decreased survival and alteration in physiological parameters. We have bred our chimeras to B6D2 animals. Placing the mutation on a heterogeneous genetic background might have increased the size of the pups, resulting in fewer indirect physiological manifestations of loss of NKCC1 function. Alternatively, it is possible that alleles present in B6D2 can compensate for loss of NKCC1 function in the kidney. Because the strain used in the studies by Flagella et al. is not described, it is not possi-ble to distinguish between these possibilities.
The infertility of NKCC1-deficient males is consistent with the histological analysis of the reproductive organs of these animals. Mature spermatozoa were not observed in sections of the epididymis or vas deferens. The testes of 3-to 4-day-old NKCC1-deficient mice could not be distinguished from those of wild-type littermates upon histological examination. Examination of the sections of testis from four 21-day-old NKCC1-deficient mice suggested that the first observable lesion in these animals is delayed formation of the lumen of the seminiferous tubules. By 1.5 months of age, marked abnormalities in spermatogenesis were observed in the NKCC1-deficient animals. Defects were particularly striking during the final phases of spermatogenesis, the period when haploid spermatids gradually acquire the polarized shape and unique structural features of spermatozoa. In all seminiferous tubules examined, spermatids were absent or present in very small numbers. Furthermore, spermatids present in the NKCC1-deficient males displayed abnormal ultrastructural features when examined with the electron microscope. In many seminiferous tubules the number of pachytene spermatocytes was also reduced, indicating additional abnormalities during meiotic prophase. The sections examined from 5 animals greater than 10 months of age showed extensive loss of cells, with a number of tubules containing predominantly Sertoli cells, suggesting that cellular loss may increase with advancing age.
Although the number and morphology of the Sertoli cells in the NKCC1-deficient animals is largely unchanged, altered function of these cells may lead to the progressive loss of spermatogenic cells. Sertoli cells are believed to be responsible for the formation of the specialized luminal fluid microenvironment and the secretion of fluid that transports the spermatozoa into the epididymis (39) (40) (41) . This fluid has a unique ionic composition with K + concentrations 10 times higher than those seen in plasma (40) . High K + levels are extremely rare in fluid secreted by epithelial tissues. However, high levels of K + are also characteristic of the endolymph of the inner ear (42) . The inner ear and testicular defects observed in the NKCC1-deficient mice suggest that this cotransporter may be essential for the secretion of these high K + fluids. Salivary epithelium can also produce fluid rich in K + (43) . Whereas no alterations in the histology of this organ were observed, it is interesting to note that extremely high levels of expression of the cotransporter are detected in this tissue.
Although the composition of the luminal fluid of the seminiferous tubule has been extensively studied, a paucity of information is available concerning the secretory mechanisms underlying its formation. A model proposed by Hinton and Setchell (44) suggests that K + is pumped into the Sertoli cell from the interstitial fluid by an active process, probably one involving a Na + , K + translocating ATPase. This is supported by the observation that increased external potassium or decreased external Na + concentrations decrease the potential of the Sertoli cell whereas no change is observed in Cl -concentrations (44) . In this model K + moves across the adluminal surface down a concentration gradient. Additional evidence supporting this model comes from studies showing that agents that block potassium channels cause morphological defects in the seminiferous epithelium that first affect latestage spermatids (45) . A possible role of NKCC1 in transport of K + at the basolateral surface of the Sertoli cell has not been extensively examined. A single report examining short circuit currents across monolayers of Sertoli cells in the presence and absence of bumetanide failed to support a role for NKCC1 in ion transport (46) . Future studies comparing ion transport across Sertoli cells derived from NKCC1-deficient animals should allow us to address this question directly.
Although mouse lines carrying mutations in a number of ion channels and transporters have been identified and generated, they have provided little insight into the physiology of spermatogenesis and specifically into the production of seminal fluid. An exception is the weaver mouse that carries a mutation in Girk2, a G protein-coupled, inwardly rectifying K + channel (47) . In the weaver mice degeneration and death of spermatogenic cells, particularly those at the most advanced stages of differentiation, have been attributed both to defects in Sertoli cells (48) and to direct effects on the germ cells (47) . It is interesting to speculate that both NKCC1 and GIRK 2 are required for the production of the luminal fluid of the seminiferous tubules. Whereas under normal physiological conditions GIRK 2 promotes movement of K + into the cell, it is possible that transport of ions can occur in the reverse direction in the unique environment of the seminiferous tubule. Alternatively, it is possible that, through its association with G proteins, GIRK 2 regulates the activity of other ion transport pathways, including NKCC1 and apical K + channels.
Our demonstration that NKCC1 is also expressed by germ cells raises the possibility that this gene is directly required for the development and maturation of this lineage. Direct determination of the relative contribution of Sertoli cell and germ cell NKCC1 function to spermatogenesis should be possible with the development of mouse lines in which loss of NKCC1 is limited to either of these cell populations. Alternatively, approaches such as germ line transplantation of normal spermatogonia into Slc12a2 -/-animals may provide insight into this question.
Given the broad tissue distribution of NKCC1 and its proposed importance both in volume regulation and fluid secretion by epithelia, the observation of a dramatic phenotype in only the testis and inner ear is perhaps surprising. It suggests that in both secretory epithelia and in most nonepithelial cells, alternate pathways exist that, in the absence of the cotransporter, can maintain the physiological homeostasis of these organ systems and cells. Thus, in addition to the information gathered on the function of the cotransporter itself, these animals will facilitate the identification of new pathways important in volume regulation and secretory function of epithelia that have been difficult to measure using traditional technologies.
